1,000 bed-days. There was a significant difference in trends preimplementation of infection control strategies (annual decrease of 8.0%; 95% CI, 6.3-9.7%) versus postimplementation (annual decrease of 13.4%; 95% CI, 10.3-16.4%). By 24 months postimplementation, the rate of bloodstream infection had fallen 25.5% and was 15.1% lower than would have been expected if preimplementation trends had continued. Conclusions: Our population-based study of PICUs in England and Wales demonstrates a steady decline in bloodstream infection rates over time. In addition, there was a significant and incremental further decrease in rates associated with timing of implementation of infection control strategies. Assessment of bloodstream infection trends before as well as after implementation of infection control strategies can be facilitated using data linkage and is important to avoid overestimating the impact of unitlevel interventions to improve infection control. Advances in collection and linkage of real-time data could further support quality improvement efforts. (Crit Care Med 2015; 43:1070-1078) Key Words: bacterial infections; bloodstream infection; central venous catheters; child; data linkage; hospital; infection control; intensive care; laboratories; patient care bundles; quality improvement; questionnaires B loodstream infection (BSI) is an important cause of adverse clinical outcome and cost to the U.K. National Health Service (NHS). PICUs have one of the highest reported rates of hospital-acquired BSI of any clinical specialty (1) (2) (3) (4) . An estimated 70% of BSI in PICU is caused by central venous catheters (CVCs), an important focus for a number of quality improvement initiatives (5) (6) (7) . Interventions have succeeded in dramatically decreasing BSI rates in the United States, with reported reductions of up to 66% in rates of catheter-related BSI 18 months postimplementation (8, 9) . Following a Comprehensive Spending Review in 2007 in the United Kingdom, the Department of Health invested £270 million a year to support infection prevention and control, including the updated Saving Lives CVC care bundle (7, 10) . However, there is a lack of evidence on the impact of these strategies, with monitoring mostly limited to process measures that were collated only locally.
The use of administrative healthcare data is being increasingly recognized as an efficient approach for monitoring quality of care (11) . In the United Kingdom, no single dataset captures both the clinical data on length of stay and microbiological BSI data required to derive risk-adjusted BSI rates (12) . However, linkage of data between the national laboratory surveillance database (LabBase2; coordinated by Public Health England) and clinical information from the Paediatric Intensive Care Audit Network (PICANet) provides the opportunity to estimate risk-adjusted BSI trends and efficiently monitor quality of care in PICUs in England and Wales (13) (14) (15) . We used these data to derive national trends in BSI in PICU over a 10-year period and to compare trends before and after the reported implementation of infection control strategies. Our study is the first to combine national data on BSI trends with reported changes in PICU practice.
MATERIALS AND METHODS
Although infection control strategies focused on CVC-related BSI, we estimated rates of BSI from any source. This is justified by the importance of monitoring BSI whether a child has a CVC or not and the hypothesis that infection control strategies may have broader implications (e.g., for hand hygiene or skin preparation).
To distinguish PICU from high dependency care, we restricted analyses to PICUs with more than 200 admissions per year on average (22 of 25 PICUs in England and Wales). We further excluded two PICUs due to a lack of reporting to LabBase2. The remaining 20 PICUs comprised 102,999/141,164 = 73% of total admissions to PICUs between 2003 and 2012.
Survey Data
We surveyed all 20 PICUs by post or e-mail between April and September 2012. A designated nurse and consultant were asked to complete a questionnaire relating to infection control practices designed to reduce CVC-related BSI in PICU and to give approximate dates for implementation of these strategies, which were based mainly on Saving Lives or Matching Michigan initiatives (5, 7). Strategies relating to Saving Lives focused on CVC insertion (guidelines for catheter type, insertion site, skin preparation, hand hygiene, aseptic technique, dressings, etc.) or maintenance (guidelines for catheter site inspection, injection ports, catheter access, replacement of CVCs and administrative sets, etc.) (7) . Strategies relating to Matching Michigan (a 2-yr quality improvement project funded by the Department of Health; including 21 PICUs 2009-2010) aimed to improve guidance and training in insertion and maintenance of CVCs and to monitor BSI rates through a staff-reported daily census for each unit (5).
PICU Data
Data on all clinically relevant PICU admission characteristics for children less than 16 years old from March 2003 to December 2012 were extracted from the PICANet database (13) ( Table 1) .
Microbiology Data
All positive isolates from blood culture captured by the national laboratory surveillance system for children less than 16 years old between 2003 and 2012 were extracted from LabBase2 (11, 15) . We have previously validated LabBase2 against reference data obtained directly from laboratories, and taking into account reporting gaps (e.g., through failure to upload), we estimated that LabBase2 ascertains 80-95% of clinically significant BSI in children (16) . Reporting gaps were due to system or staffing issues at the laboratory level, and ascertainment was unrelated to individual patient or PICU-level factors such as the type of organism, time period, or the number of reports. This means that valid comparison of trends between PICUs was still possible (14) . 
Data Linkage
A detailed description of the linkage between PICANet and LabBase2 has been published elsewhere (14) . Briefly, a combination of linkage methods was used to identify PICANet admission records that had a corresponding record of BSI in LabBase2, based on agreement between NHS number, hospital number, first name, surname, date of birth, postcode, sex, and location (laboratory and hospital). We evaluated the linkage against reference data and demonstrated that linkage errors resulted in a small amount of bias (rates were underestimated by 0.5%) (14) .
Case Definition
We defined an episode of BSI as any positive blood culture with one or more organisms isolated from any blood sample taken on the same day. Repeated samples of the same organism within 14 days were treated as the same episode; two or more different organisms isolated on different days were treated as separate episodes. For children who already had BSI at admission, we excluded samples that were of the same organism as that isolated before admission. For this study, we were interested in BSI occurring during a PICU admission (PICU-acquired BSI). We therefore excluded samples taken on the day of admission to PICU or the day after admission. We included samples taken up to 2 days following discharge from PICU.
Analysis
The rate of BSI was defined as the number of BSI per 1,000 beddays. Multilevel Poisson regression was used to model the rate of BSI over time, allowing for clustering of admissions within PICUs (Supplementary Appendix 1, Supplemental Digital Content 1, http://links.lww.com/CCM/B225). Backward stepwise regression (p < 0.05) was used to identify significant risk factors based on admission characteristics in Table 1 (age in months and quarter-year of admission were treated as continuous variables within the model, all other variables were categorical). Model fit and nonlinear relationships for age and time at risk were assessed using likelihood ratio tests, Akaike Information Criterion, Bayesian Information Criterion, and diagnostic plots of residuals. Appropriateness of the Poisson model was verified using a goodness-of-fit test based on the deviance statistic. Smoothed rates were plotted on the log-scale (with 0.5 added to observations where observed rate = 0). Rate ratios were used to compare rates according to different risk factors. Analysis was performed using Stata 12 (17) .
To examine differences in trends in periods before and after implementation of infection control strategies, a variable representing time was created, centered on implementation according to the survey responses. Where dates were different for insertion and maintenance bundles, the earliest date was used. For units where a year but no month was provided, mid-year was used in analysis. Analysis was restricted to PICUs where at least one implementation date had been provided. An interaction term between time and use of strategy was fitted in the model to test for differences in trends pre-and postimplementation. The expected trend, had there been no implementation of infection control strategies, was produced from model predictions. This trend was extrapolated for 24 months postimplementation, to derive the expected rate had there been no intervention. The expected trend was then compared with the observed trend 24 months postimplementation.
For the most recent period (2011-2012), by which time infection control strategies had been implemented, a funnel plot was used to examine the variation among PICUs in risk-adjusted rates (18) . To account for different patient populations at different PICUs, risk-adjusted rates for each PICU were produced by dividing the PICU's unadjusted rate by its predicted rate and multiplying this ratio by the average rate across all PICUs (18) . This plot indicated whether the rate in an individual PICU differed significantly from the national rate.
RESULTS

Rates of bSI
Between March 2003 and December 2012, there were 102,999 admissions to the 20 study PICUs, corresponding to a total of 479,641 bed-days. For these admissions, there were 2,452 episodes of BSI, and 2,045 admissions (2.0%) experienced at least one BSI ( Table 1 ). The overall rate of BSI was 5.11 (95% CI, 4.90-5.31) per 1,000 bed-days. Quarter-year of admission, age, vasoactive agent, renal support, primary diagnosis group at admission, and ventilation status (invasive only, noninvasive only, both, or neither) were independently significantly associated with BSI ( Table 2) .
Trends in bSI
Risk-adjusted rates of BSI (controlling for independent risk factors for BSI in Table 2 ) decreased across all 20 PICUs by an annual average of 13.2% (95% CI, 11.8-14.6%). Risk-adjusted rates fell from 8.96 (95% CI, 7.72-10.20) per 1,000 bed-days in Rates were falling at a faster rate in admissions diagnosed with infection compared with other diagnoses, and by the end of the study period, rates in children admitted with a primary diagnosis of infection were similar to those for children admitted for cardiovascular problems (Fig. 1) . Adjusted trends in BSI differed between PICUs (Fig. 2) .
Survey Data
Fourteen PICUs provided survey responses on the implementation of infection control strategies ( (Fig. 3) . Assuming preimplementation trends had continued at the same rate, the expected rate for 24 months postimplementation was 3.92 (95% CI, 1.76-6.08), corresponding to an absolute rate reduction of 15.1%. 
Variation between PICUs
Data for the most recent years (2011-2012) was available for 18 PICUs. Figure 4 shows significant variation in the risk-adjusted rate of BSI between PICUs in this period (CIs for PICUs with highest and lowest rates do not overlap). However, variation was not attributed to one particular outlying PICU. The funnel plot shows that the majority of PICUs fell within the expected range of the national rate (Fig. 4) .
DISCUSSION
Our population-based study of PICUs in England and Wales quantifies a steady decline in BSI rates over time. Use of longitudinal administrative data allowed us to identify that rates were decreasing in all main clinical groups long before implementation of specific infection control strategies. However, we demonstrate that there was a significant and incremental further decrease in rates associated with the timing of implementation of infection control strategies over and above background trends. We estimated that 24 months after implementation, BSI rates for all children in PICU had fallen by 26% and were 15% lower than they would have been had preimplementation trends continued. Decreases in rates were not restricted to children with CVCs, and this may have been achieved through improvements in infection control more generally (such as hand hygiene) (7). Our study demonstrates that linkage of administrative data can be used for long-term continuous monitoring of a broad range of outcomes and is important for capturing trends before as well as after infection control initiatives to avoid wrongly attributed interventional effects (5) . Like previous studies evaluating implementation of infection control strategies or care bundles, our study was an observational analysis with trends potentially affected by factors other than reported practice (5) . This is demonstrated by the 8% annual decline in BSI rates preimplementation of infection control strategies in our study. The decrease in rates of BSI (26%) in 24 months following the introduction of infection control strategies was a smaller reduction than seen in other studies reporting the impact of interventions in U.S. adult ICUs (reduction of up to 66%) and in two U.K. studies (reported reductions of 50-75%) (11, 19, 20) . The small effect in our study may have been due, in part, to uncertainty around implementation dates as recorded in clinician survey responses, which may have resulted in an underestimated impact due to recall bias. Strategies in place prior to the implementation dates used in our analysis may have contributed to the observed effect (21) . Alternatively, other studies may not have fully taken into account declining background trends for all patients. We were unable to directly compare results with other studies as we could not derive rates per CVC-days. This study was only possible through the linkage of national data on PICU admissions and infection surveillance, which offered an efficient and cost-effective method for exploiting existing data with comprehensive coverage over an extended study period. Linkage between PICANet and LabBase2 provides a rich but imperfect dataset, allowing enhanced monitoring of BSI in PICU. Our study was limited in that the surveillance data did not provide a validated diagnosis of BSI in PICU and may have included BSI that should be considered as contaminants. We were also unable to investigate changes in sampling frequency over time or to directly identify children who required a CVC. Data quality in administrative data can be an issue but, as in this case, may not necessarily be conditioned on the exposure or outcomes of interest. Although monitoring schemes for specific implementation studies can prespecify the data to be collected, they are costly, do not capture data preintervention, and can be dependent on clinician judgment of outcomes (22) . By contrast, administrative data provide the opportunity to analyze routinely recorded data for entire units and to take into account background trends before and during implementation of interventions.
CONCLUSIONS
Linkage of national administrative data sources provides an opportunity to monitor quality of care through enhanced surveillance of BSI trends in PICU. In the U.K. PICUs, rates of BSI were already falling before the implementation of infection control strategies, but these interventions were associated with a significant additional reduction in BSI. Standardized recording of unit-level interventions could help to increase understanding of variations in practice and to identify interventions that lead to improvements in outcomes. The combination of improved characterization of unit practices and monitoring of BSI using linked administrative data would allow PICUs most likely to benefit from improved practices to learn from others. Monitoring quality of care by measuring variation in BSI outcomes in PICU could then help to sustain improvements in practice (23, 24) .
